A brief overview is given on selected effects of the exchange coupling between effective mass electrons and localized spins in II-VI semiconductors containing Mn ions. In the case of a carrier or exciton trapped by an impurity or defect, the exchange interaction leads to zero-field spin-splitting.
Introduction
In this paper, selected theoretical and experimental results concerning effects of the exchange coupling between effective mass electrons and localized spins are reviewed. While in diluted magnetic metals the main signatures of such a coupling is the Kondo effect and the oscillatory Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, a number of other novel effects has been put into the evidence and examined in detail by many groups in semimagnetic semiconductors. In the first part of the paper, the questions concerning physic8 of bound and free magnetic polaron are addressed. The renormalization of the carrier energy by spin and chemical disorder is then discussed. Finally, the influence of the carrier liquid upon the localized spins is described. The discussion is limited to II-VI semiconductors containing Mn ions, and the review is by no means exhausting. It aims merely at recalling some of the topics which have attracted considerable attention over the recent twenty years or so. A more complete account of the results and papers published prior to 1992 can be found in books devoted to semimagnetic semiconductors [1] .
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Bound magnetic polarons
Bound magnetic polaron (BMP) [2] , that is a cloud of magnetic ions ferromagnetically ordered by the exchange interaction with an effective mass carrier in a localized state, has become one of the central theme in the physics of Mn-based semimagnetic semiconductors. Indeed, the polaron effects determine -to a large extent -optical, transport, and thermodynamic properties of bulk [3] and layered semiconductor structures [4] containing localized spins.
The presence of magnetic polarons in semimagnetic semiconductors was first evidenced by noting [5] that the binding energy of an exciton trapped by a neutral acceptor Α0 Χ in Cd1-xΜnxTe increased strongly with lowering temperature. This observation stimulated a number of detailed experimental works, from which particularly rewarding were studies of donor states by Rainan spectroscopy [6] [7] [8] [9] [10] [11] . This is so because the cross-section for spin-flip Raman scattering (SFRS) is directly proportional to the spin-spin correlation function of the donor electron, a quantity which could be analytically calculated, even with the effect of thermodynamic fluctuations of magnetization taken into account [12, 13] . The important role of the fluctuations stems from the finite volume involved, which precludes the existence of any second order phase transition [12, 14] . Actually, as shown in Fig. 1 , the fluctuations give the dominant contribution to the donor spin-splitting at high temperatures. They determine also the width and shape of the SFRS line, as shown in Fig. 2 . The same model [12] describes quantitatively thermodynamic properties such as the BMP contribution to the impurity activation energy [15] , depicted in Fig. 3 , and magnetic susceptibility [16] , presented in Fig. 4 .
Another important line of research started with the observation of polaronic effects in exciton luminescence [17] , which could not be associated with an exciton trapped by an occupied impurity. An important problem addressed by this observation was that the organization of the localized spins under the influence of the exchange field of the exciton spin had to proceed rather fast, faster than the exciton recombination. A recent rapid progress in the application of ultrashort light pulses for monitoring dynamic processes has made it possible to trace directly the emerging and vanishing of polarization of the localized spins after optical injection of carriers across the band gap in bulk [18] [19] [20] [21] [22] [23] [24] and layered [25] [26] [27] [28] [29] semimagnetic semiconductors.
In order to discuss the dominant microscopic mechanisms that control polaron dynamics, it is useful to refer to Fig. 5 [30] , where the polaron formation rate τf-1 ^, as determined by various authors [21] [22] [23] [24] , is compared to the experimentally obtained [31, 32] spin-lattice τ^Ź and the spin-spin relaxation rate τSS-1, deduced from the EPR studies [33, 34] . As shown, τf deduced from time-resolved luminescence [21-23, 27, 28] and from the SQUID magnetometry [24] are of the same order. This suggests [24] that spin diffusion [20, 35] does not give the dominant contribution to the polaron formation, as the diffusion conserves the total magnetic moment and, therefore, changes of the local magnetization by such a process are not visible in the time-resolved magnetometry. Furthermore, spin-lattice relaxation is by more than two orders of magnitude too slow to lead to a picosecond timescale of polaron formation. Actually, because of shrinkage of the polaron volume during its formation, τf is expected to be even longer than the relevant relaxation time of the spin subsystem [30, 36] .
• At the same time, .if agrees very well with the spin-spin relaxation time τss deduced from the EPR studies [33, 34] . This appears to be rather striking as the polaron formation ínvolves both spin and energy relaxations.
In order to explain why the spin response to the high-frequency magnetic field is described by τSS , not by τSL , it is instructive to recall that there is no spin response to the external field for t < τSL if spin-spin interactions are of the Heisenberg form, so that the magnetic moment is a constant of motion and τ 1 = 0. If, however, the non-scalar part of the spin-spin interactions is strong enough, a non-zero magnetization can be adiabatically formed already at τSL > t? τSS [30, 31, 37, 38] . Thus, the conservation of the spin momentum is broken by strong non-scalar spin-spin interactions which shift the spin-response time down to the picosecond range, while the relaxation of the photocarrier energy occurs adiabatically at the expense of all kinds of the interactions among the localized spins.
Free and self-trapped magnetic polarons
Despite some experimental suggestions and theoretical models, a consensus is emerging that a free magnetic polaron, a delocalized carrier accompanied by a traveling cloud of polarized spíns, is not expected to exist ín semimagnetic semiconductors. This is because coherent tunneling of quasi-particles dressed by spin polarization is hampered, in disordered magnetic systems, by a small quantum overlap between magnetizations in the different space regions.
At the same time, the observation of the exciton magnetic polaron addresses a question about the conditions under which self-trapping of an effective mass carrier by localized spins could occur. While some theoretical works [39] prepared the ground, the point was made by Benoit á la Guillaume [14] , who showed that self-trapping of effective mass carriers by the exchange interaction with localized spins is not possible in three-and two-dimensional systems for the actual material parameters. The observations of excitonic magnetic polarons imply therefore the presence of an additional localizing potential. This conclusion is confirmed b y direct calculations [30, 36] , which provide the magnitude of the prelocalizing potential, necessary to explain the experimental values of the polaron contribution to the exciton energy. This potential appears to be merely brought about by alloy fluctuations, a conjecture strongly supported by a much greater value of the exciton polaron energy in Cd1-x _y Μnx Μgy Τe than in Cd1-xMnxΤe [23] .
Beyond molecular -field and virtual -crystal approximations
A growing amount of experimental results demonstrates how scattering of carriers by thermodynamic and frozen fluctuations affects their energy and spin lifetime without, however, leading to the spin-splitting in the absence of an external magnetic field. If the depth of the potential well introduced by the transition metal is much smaller than the width of the relevant band, second-order perturbation theory can be applied in order to evaluate corrections to the molecular-field and virtual-crystal approximation [40] . By contrast, for large and attractive exchange and alloy potentials, such that the potential well associated with the transition metal is deep enough to almost form a bound state, the corrections have to be described by a non-perturbative approach [41] . In particular, a generalization of the alloy theory for the case of the spin-dependent potential [42] makes possible to describe quantitatively bowing of the energy gap, asymmetry of the spin splitting, and the dependence of the apparent hole exchange integral ß* on the Mn concentration, as observed [43, 44] in Cd1-xMnxS. A comparison of the dependence β*(χ) in the case of Ζn 1 -x Mnx Se and Cd 1 -x Mnx Te, where the total Mn potential acting on the hole is attractive and repulsive, respectively, is shown in Fig. 6 [45] .
Ferromagnetic transition induced by free carriers
It has been known for a long time that the compensation of the intrinsic antiferromagnetic interactions by a ferromagnetic coupling would result in a dramatic enhancement of the sensitivity of semimagnetic semiconductors to the temperature and the magnetic field, particularly in the vicinity of the ferromagnetic phase transition. A search for the ferromagnetic transition has been successful in the case of Mn-based p-type IV-VI [46] and IlI-V compounds [47] , in the latter case a critical temperature as high as 110 K has recently been reported for Ga 0.95 Mn 0.05 As [48, 49] . In the case of Il-VI semimagnetic semiconductors, a tight binding model [50] 8uggests that the superexchange in Cr-based semimagnetic semiconductors might be dominated by a ferromagnetic contribution. Accordingly, an attempt has been undertaken [51] 
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the case under consideration since, due to greater concentrations of the magnetic ion than those of the carriers, the RKKY interaction is essentially ferromagnetic over a long range in semimagnetic semiconductors. This suppresses the role of magnetization fluctuations, even in the reduced dimensionality systems. Accordingly, both the magnetic susceptibility and the derivative of the carrier spin-splitting, A similar model of ferromagnetism, developed for the case of a nondegenerate gas of carriers thermally activated from the impurity levels, was put forward by Pashitskii and Ryabchenko [53] .
In the above formulae, temperature dependent Τ0 > 0 and < x take the presence of antiferromagnetic interactions into account [54] , Ι = α or β is the exchange integral of the relevant band, AF > 1is a Fermi liquid parameter that describes the enhancement of the RKKY interaction by the combined effect of carrier-carrier correlation and disorder [55] , pd is the total density of states at the Fermi level, which for one subband with a parabolic dispersion ε(k) is given by
, and φ0(ζ) is the envelope function of the relevant subband.
In the ferromagnetic regime, Τ < Τ, the non-zero spin-splitting and magnetization of the Mn 8pins are determined by the magnitude of a self-consistent molecular field produced by the spin-polarized carriers.
Implicit in the model in question is an assumption, well-fulfilled in semimagnetic semiconductors, that the carrier bandwidth V is greater than both the exchange energy IN0 and the width of the Mn spin excitation spectrum. In such a case, each carrier interacts effectively with many Mn spins at the same time, and adjusts adiabatically its wave function to the instantaneous configurations of the Mn moments. This is in contrast to, e.g., (La,Sr)MnO 3-type materials, in which narrowness of the band makes the double exchange model to be better applicable than the RKΚY approach. It is also worth noting that all material parameters conspire to make Τ greater for the holes than for the electrons in a given structure of semimagnetic semiconductors. Actually, it has been predicted [52] that the condition for a ferromagnetic transition above 1 K, TT ≥ 1 K, can be met in the case of p-type II-VI semimagnetic semiconductors. Particularly promising in this context is recent progress in fabrication of quantum wells modulation-doped by nitrogen, in which weak disorder may preclude the formation of bound magnetic polarons.
Indeed, the presence of a ferromagnetic transition in a single, modulation--doped, 8-nm quantum well (QW) of Cd1-xMnΟre/Cd1-.; -zMgyZnzTe:N hags been put into the evidence by observing colossal Zeeman splittin gs of interband optical transitions, probed by means of photoluminescence (PL) ;: ind its excitation spectra (PLE) [56, 57] . The presence of the delocalized hole gas has been assessed by the Moss-Burstein shift between the energies of the PLE step and the PL maximum, according to which the hole concentration varies in the studied structures between ca. 1.5 x 10 11 cm-2 and 3 x 10 11 cm-2 , depending on the spacer width. As shown in Fig. 7 , the PL splitting Δ(Η) in such samples is not only exceptionally large but increases in a dramatic way on lowering temperature. Actually, the appearance of zero-field splitting is also visible in Fig. 7 . No such effects are detected either in undoped structures or in the presence of illumination by white light that depletes the quantum well from the holes. The phase transition occurs at about 1.8 K for x = 0.024 (Fig. 7) [56] and at ca. 2.5 K for x = 0.037 [57] . According to Eq. (1, these magnitudes of Τ imply ΑF = 2.5 ± 0.5, the value in agreement This substantiates the validity of the MFA in the case of the carrier-induced ferromagnetic transition in semiconductor systems.
Photomagnetization
Optical studies constitute a well-established tool to probe magnetic semiconductors but equally appealing is the possibility of modifying magnetic properties by light. For instance, the carrier concentration in any modulation-doped QW can be controlled by photons of energy corresponding to the gap in the barrier material [63] . This is due to the existence of a potential barrier between the impurities and the well, which makes that a part of the carriers resides on the impurities in the barrier, not in the QW under stationary illumination. This method was applied [56] in order to turn the Cd1-ΜnxTe QW from the ferromagnetic to a paramagnetic phase, as shown in Fig. 7b .
It has been also demonstrated that optical pumping, that is the creation of a spin density of photocarriers by circularly polarized light, results in the appearance of magnetization m of the localized spins [64, 24] . In the framework of the MFA, m = χ(T)Η*, where the molecular fleld Η* is proportional to the spin density of the photocarriers. Under stationary conditions, the latter is given by the product of the generation rate and spin-relaxation time τs . If scattering by thermodynamic fluctuations of magnetization is the dominant relaxation mechanism of the carrier spins then τs -1 χ χ(T)T, and thus [38] m a 1/T. This expectation is corroborated by experimental results presented in Fig. 8 .
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Summary
Thought selectively, this review documents a great progress achieved over the recent years in the understanding of the effects of the exchange interaction upon the localized and delocalized carriers in semiconductors containing magnetic constituents. With no doubt, however, feature studies will show how our present understanding would have been incomplete, and how many challenging problems would have been ahead.
